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Abstract 
Epitaxial strain, imparted by an underlying substrate, is a powerful pathway to drive 
phase transitions and dramatically alter properties in oxide heterostructures, enabling 
the emergence of new ground states and the enhancement of ferroelectricity, 
piezoelectricity, superconductivity and ferromagnetism. However, the limitation of 
commercially available single-crystal substrates and the lack of continuous strain 
tunability preclude the ability to take full advantage of strain engineering for further 
exploring novel properties and exhaustively studying fundamental physics in complex 
oxides. Here we report an approach for imposing continuously tunable, large epitaxial 
strain in oxide heterostructures beyond substrate limitations by inserting an interface 
layer through tailoring its gradual strain relaxation. Taking BiFeO3 as a model system, 
we demonstrate that the introduction of an ultrathin interface layer allows the creation 
of a desired strain that can induce phase transition and stabilize a new metastable super-
tetragonal phase as well as morphotropic phase boundaries overcoming substrate 
limitations. Furthermore, continuously tunable strain from tension to compression can 
be generated by precisely adjusting the thickness of the interface layer, leading to the 
first achievement of continuous O-R-T phase transition in BiFeO3 on a single substrate. 
This proposed route could be extended to other oxide heterostructures, providing a 
platform for creating exotic phases and emergent phenomena.  
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Strong coupling and complex interplay between strain and spin, charge, orbital and 
lattice degrees of freedom provide a fertile new ground for creating exotic phases and 
realizing novel functionalities in complex oxide thin films and heterostructures1-8. This 
has enabled epitaxial strain as a powerful tool for the creation of new ground states 
(associated with phase transitions)9-13, the improvement of catalytic activity14-16, and 
the manipulation of electric and magnetic properties17-24 including greatly enhanced 
superconducting,26,27 ferroelectric28,29 and ferromagnetic31,32 transition temperatures. To 
realize these emergent phenomena, the availability of appropriate single-crystal 
substrates for the growth of high-quality epitaxial oxide films with a desired strain state 
cannot be overemphasized4,33. However, both the achievement and the tunability of 
strain states are hindered owing to the lack of commercially available substrates, 
thereby resulting in stringent restrictions for the further discovery of novel properties 
and the exhaustive study of fundamental physics in oxide thin films and 
heterostructures4,33-35. Despite the recent efforts to obtain continuous strain tunability 
by optical pulses,36 ion implantation,37-39 external stress using flexible substrates,40 
piezoelectric-based apparatus,41 strain-releasing buffer layer42-44 and thermal expansion 
mismatch46, these approaches remain limited either by tuning uniaxial strain only, or by 
imparting moderate strain values (< 1%), precluding the ability to take full advantage 
of strain engineering. Therefore, two broad questions remain: (i) are there pathways to 
obtain the desired strain states overcoming substrate limitations, and (ii) is it possible 
to achieve continuous strain tunability? Here we report a route for imposing 
continuously tunable, large biaxial strain in oxide heterostructures beyond substrate 
4 
 
limitations via the introduction of an interface layer.  
BiFeO3 (BFO) is a room temperature multiferroic material that possesses coupled 
ferroelectric and antiferromagnetic orders46-48. The parent ground state of this material 
is rhombohedral structure (with lattice parameter ∼ 3.96 Å)47. Epitaxial strain has been 
exploited to drive rhombohedral-like (R) to tetragonal-like (T) phase transition3,9,49,50, 
leading to a wealth of striking observations, such as giant spontaneous polarization of 
T phase51, strong piezoelectricity52,53 and magnetism54 near R/T morphotropic phase 
boundary, and the enhancement of anisotropic photocurrent in mixed phase areas55. 
However, this strain-induced R-T phase transition and the stabilization of the 
metastable T phase BFO (T-BFO, with in-plane lattice parameter a ∼3.66 Å, out-of-
plane lattice parameter c ∼4.65 Å and large c/a ratio∼1.23), can only be acheived on 
substrates that provide large compressive strains exceeding -4.3% at room 
temperature9,56, whereas films on substrates with epitaxial strain of -4.3% ~ +1% is 
rhombohedral-like BFO (R-BFO)9, and films on substrates with tensile strain larger 
than +1% is orthorhombic phase BFO (O-BFO)57. On the other hand, although both R-
T and R-O phase transitions have been experimentally induced by large compressive9,49-
51 and tensile epitaxial strain57, respectively, the strain-driven continuous O-R-T phase 
transition in BFO remains elusive, which would enable the possibility of designing 
multiple morphotropic phase boundaries. 
In this study, taking BiFeO3 (BFO) as a model system, we demonstrate that the 
insertion of an ultrathin interface layer (as thin as 7 unit-cells) allows the creation of a 
desired strain overcoming substrate limitations. Using a combination of X-ray 
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diffraction (XRD) associate with reciprocal space mapping (RSM), scanning probe 
microscopy (SPM) and transmission electron microscopy (TEM), we find that the use 
of this approach not only enables the growth of high-quality BFO epitaxial thin films, 
but also renders the ability to generate a desired strain that can induce phase transition 
and stabilize a new metastable super-tetragonal phase as well as morphotropic phase 
boundary, no matter on compressive or tensile strain substrates. Moreover, continuously 
tunable strain cutting across tension to compression can be imparted by accurately 
adjusting the thickness of an interface layer, enabling the realization of continuous O-
R-T phase transition in BFO on a single substrate for the first time.  
Results 
Imposing epitaxial strain beyond substrate limitations. Based on previous first-
principle calculations and phase field simulations9,56,57, the room temperature strain 
phase diagram of BiFeO3 is sketched as presented in Fig. 1a, showing that the ground 
state R phase forms in moderate epitaxial strains (such as on (001) (LaAlO3)0.29–
(SrAl1/2Ta1/2O3)0.71 (LSAT, a = 3.868 Å) and (001) SrTiO3 (STO, a = 3.905 Å) substrates) 
and transforms to O phase under large tensive strain (such as on (110) NbScO3 (NSO, 
a = 4.01 Å) substrate), while T-BFO can only be obtained under large compressive 
strain state (such as on (001) LaAlO3 (LAO, a = 4.01 Å) substrate). By introducing an 
interface layer Ca0.96Ce0.04MnO3 (CCMO, a = 3.77 Å), we expect to overcome substrate 
limitations to impart epitaxial strain for the formation of the metastable T-BFO not only 
on LAO substrate, but on LSAT and STO substrates and even on NSO (Fig. 1b).  
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Fig.1 Strain engineering within and beyond substrate limitations. a Room temperature epitaxial 
strain phase diagram of BFO shows strain engineered structural changes within substrate 
limitations. b Expected sketch of the formation of metastable T phase beyond substrate 
limitations through inserting an interface CCMO layer. c Typical x-ray −2 scans of 14 nm-
thick BFO films of BFO films grown on bare substrates. d XRD data of BFO thin films on 
various substrates with the insertion of an interface CCMO layer. 
 
Using pulsed laser deposition (PLD), we grew a series of epitaxial BFO thin films 
and BFO/CCMO heterostructures on (001) LAO, (001) LSAT, (001) STO and (110) 
NSO substrates. Typical x-ray −2 scans of 14 nm-thick BFO films grown on these 
bare substrates illustrate the epitaxial growth of BFO and the creation of T phase on 
LAO, R phase on LSAT and STO, and O phase on NSO (Fig. 1c). These results are 
consistent with previous theoretical and experimental studies9,49,50,56,57. Interestingly, 
the insertion of a 27 nm-thick CCMO layer (the atomically flat morphology of CCMO 
is shown in Fig. S1) between substrates and BFO films allows us to stabilize the 
metastable T phase on all these substrates from compression to tension (Fig. 1d), 
demonstrating the ability to impose epitaxial strain beyond substrate limitations. Here 
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we infer that the strain relaxation of CCMO leads to the creation of large compressive 
strain that enables the stability of T phase. 
 
Fig.2 Thickness dependent T-R phase transition. AFM images of 7 nm (a, d), 25 nm (b, e) and 
50 nm (c, f) thick BFO with 27 nm-thick CCMO buffer layer on SrTiO3 (a-c) and NbScO3 (b-
f) substrates, respectively. The scale bars are 1µm.  
 
Thickness-dependent and electrical control of phase transition. Having determined 
that the BFO/CCMO heterostructures grown on LSAT, STO and NSO substrates can 
induce T-BFO that is analogous to previously observed T phase on LAO9,53, we ask 
whether it could also evolve to R/T mixed phase and morphotropic phase boundary by 
increasing the film thickness. Atomic Force Microscope (AFM) measurement is 
performed on a series of BFO/CCMO heterostructures with 7, 25 and 50 nm-thick BFO 
and 27 nm-thick CCMO on LSAT, STO and NSO substrates. Thickness dependence 
evolution of surface morphologies (Fig. 2) reveal high quality epitaxial growth of BFO 
films, showing atomically flat morphologies (root mean square (RMS) roughness < 0.3 
nm). Furthermore, the one unit-cell in height terraces (Fig. 2a) indicate the formation 
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of pure T phase in 7 nm-thick BFO on STO, whereas bright contrast matrix and dark 
contrast stripes in 25 nm-thick film (Fig. 2b) suggest the emergence of the R phase that 
coexists with the T phase due to relaxation of the epitaxial strain with increased 
thickness. Further strain relaxation in thicker film (50 nm) results in further increase of 
fraction of R phase (Fig. 2c). The distinct thickness-dependent phase evolution is 
observed on NSO (Fig. 2d-f) and LSAT (Fig. S2) substrates as well. It is worth to 
mention that here we first time report the achievement of R and T mixed phase and R/T 
morphotropic phase boundary on LSAT, STO and NSO substrates. These observations 
are additional evidences for the epitaxial strain induced T phase beyond substrate 
limitations, in agreement with our XRD data (Fig. 1d).  
 
Fig.3 Electrical control of phase transition and polarization switching in T/R mixed phase BFO 
on SrTiO3 substrate. a-c AFM images of 50 nm-thick BFO with 27 nm-thick CCMO on SrTiO3 
substrate demonstrate the reversible R-T phase transition under electric field. d-f Out-of-plane 
PFM data corresponding to (a-c) show electrical switching of ferroelectric polarization. The 
scale bars are 1µm.  
 
The interface CCMO layer not only provides the ability to obtain desired strains but 
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can also serve as a bottom electrode that enables the study of the ferroelectric switching 
behavior of BFO under electric field. A 50 nm-thick BFO sample with T and R mixed 
phase on STO substrate is probed using AFM and piezoresponse force microscopy 
(PFM). AFM images (Fig. 3 a-c) and the corresponding out-of-plane PFM images (Fig. 
3 d-f) demonstrate the reversible control of both the R-T phase transition and the 
ferroelectric polarization switching under electric field. These results can also be 
produced in samples grown on LSAT and NSO substrates (Fig. S3), which again 
confirmed the creation of T/R mixed phase and morphotropic phase boundary using 
this proposed route overcoming substrate limitations. 
Origin of imposing strain beyond substrate limitations. To elucidate the origin of 
strain that can be imparted beyond substrate limitations, further structural studies of 
BFO (~ 7 nm)/CCMO (~ 27 nm)/STO heterostructures have been performed using X-
ray reciprocal space maps (RSMs). RSM (002) reflections (Figure 4a) show the 
epitaxial growth of BFO and CCMO multilayers on STO substrate and demonstrate the 
formation of T phase and the absence of R phase in ~ 7 nm-thick BFO, which are 
consistent with our XRD data (Fig. 1d) and AFM measurements (Fig. 2a). Diffraction 
peaks of RSM (103) (Fig. 4b) reveal the full strain relaxation of CCMO layer on STO 
substrate, suggesting that the origin of the desired strain to stabilize the metastable T 
phase beyond substrate limitations is caused by coherent growth of BFO on relaxed 
CCMO interface layer. The lattice parameters extracted from RSMs are a = 3.77 Å, c = 
3.72 Å for CCMO and a = 3.77 Å, c =4.63 Å (c/a = 1.23) for BFO, further confirming 
that the relaxed CCMO layer can provide a compressive strain as much as ~ 4.8% (the 
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in-plane lattice parameter a = 3.96 Å of ground state R-BFO) to induce R-T phase 
transition. 
 
Fig.4 Origin of imposing strain beyond substrate limitations. a RSM (002) reflections of 7 nm-
thick BFO grown on STO with the insertion of CCMO demonstrate the epitaxial growth of 
BFO and CCMO multilayers and the formation of T phase. b RSM (103) reflections reveal the 
full strain relaxation of CCMO layer, leading to generate the desired strain to stabilize the 
metastable T phase beyond substrate limitations c, d Fine scans of RSM (103) and (113) 
reflections show single peak feature, indicating the creation of true T phase BFO.  
 
Moreover, the single peak feature shown in BFO (103) and (113) RSM reflections 
(Fig. 4c and 4d) reveals the realization of true T phase (not MC phase) BFO via this 
proposed method. Although the nearly tetragonal phase on LAO58 and YSZ59 substrates 
by biaxial strain and true T phase on LAO by chemical doping49 or uniaxial strain37-39 
have been reported, here we obtain true T phase BFO using biaxial strain. RSM data of 
50 nm-thick BFO on STO, NSO and LSAT (as shown in Fig S4, Fig S5 and Fig S6, 
respectively) further demonstrate the coexistence of R and T-like phases in agreement 
with AFM measurements (Fig. 2c, f and Fig. S2c) and illustrate that this T-like structure 
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is MC phase which exhibits three-fold splits along (103) and two-fold splits along (113). 
The (103) RSM scans (Fig. S4b, Fig. S5b and Fig S6b) of BFO/CCMO heterostructures 
on STO, NSO and LSAT substrates also present the full strain relaxation of CCMO, 
giving rise to generate large compressive strain in BFO to obtain T phase. 
 
Fig.5 Atomic structure of BFO/CCMO heterostructures. a Dark-field STEM image of BFO (~ 
7 nm)/CCMO (~ 27 nm)/STO, suggesting the strain relaxation of CCMO layer through the 
introduction of dislocations. b Atomic scale ADF-STEM image reveals coherent growth and 
epitaxial stabilization of metastable true T phase BFO (c/a ~ 1.24) on STO substrate and shows 
abrupt interface between BFO and CCMO. c High-resolution STEM image indicate the sharp 
interface of CCMO/STO. 
 
To gain further understanding of the atomic structure of these strained 
heterostructures, we performed annular dark-field scanning transmission electron 
microscopy (ADF-STEM) studies on the BFO (~ 7 nm)/CCMO (~ 27 nm)/STO sample. 
The dark field cross-sectional STEM image (Fig. 5a) demonstrates the high quality, 
epitaxial growth of BFO/CCMO heterostructures on STO substrate. The CCMO layer 
undergoes strain relaxation through the introduction of dislocations (marked with 
orange arrows), resulting in its bulk state with in-plane lattice parameter of a ~ 3.77 Å 
12 
 
(calibrated by STEM image). This further confirms the mechanism of imposing a large 
compressive strain of -4.8% through the fully relaxed CCMO layer for the coherent 
growth and epitaxial stabilization of metastable true T phase BFO (c/a ~ 1.24) on STO 
substrate as demonstrated in the atomic scale ADF-STEM image (Fig. 5b). High-
resolution STEM images also reveal the abrupt interfaces of BFO/CCMO (Fig. 5b) and 
CCMO/STO (Fig. 5c).  
 
 
Fig.6 Continuous strain tunability. Typical x-ray −2 scans of BFO/CCMO heterostructures 
with identical thickness (~ 14 nm) of BFO and various thickness of CCMO (0-24 unit-cells, 
u.c.), demonstrating that epitaxial strain can be continuously tunable by adjusting the thickness 
of interface CCMO layer that enables the observation of strain-driven continuous O-R-T phase 
transition in BFO on a single, tensile strain NdScO3 substrate (the fine scan shown in the insets 
points to the strain induced O-R phase transition in BFO by inserting only 4 u.c. thick CCMO). 
 
Continuous strain tunability. From the combination of terraced morphology (Fig. 2a), 
RSM studies (Fig. 4) and STEM results (Fig. 5), we conclude that large epitaxial strain 
can be imparted to induce phase transition and stabilize super-tetragonal BFO phase 
beyond substrate limitations. Next, we turn to study the possibility of continuously 
tuning the epitaxial strain. We therefore explored decreasing the thickness of CCMO 
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layer to generate a tunable strain in BFO layer by gradually releasing misfit strain 
between CCMO and the substrate. A series of BFO/CCMO heterostructures, with 
identical thickness (~ 14 nm) of BFO and various thickness of CCMO (0-24 unit-cells, 
u.c.), were synthesized using PLD on (110) NSO substrates. Typical XRD −2 scans 
of these samples are displayed in Fig.6. The peak shift of CCMO with increasing 
thickness from 4 u.c. to 24 u.c., implying the gradual strain relaxation of the interface 
CCMO layer. This allows us to continuously tune the strain state, demonstrated through 
the strain-driven continuous O-R-T phase transition in BFO by changing CCMO 
thickness (Fig. 6). Comparing to the BFO sample without CCMO (0 u.c. thick), the 
insertion of only 4 u.c. thick CCMO enables the generation of sufficient compressive 
epitaxial strain to drive O-R phase transition of BFO. Furthermore, considerable strain 
can be obtained to induce the metastable T-BFO by introducing 7 u.c. thick CCMO, 
resulting in the coexistence of T and R phases. With further increase in CCMO 
thickness from 12 u.c. to 24 u.c., the fraction of T-BFO increases while that of R-BFO 
decreases. As shown in Fig. 1d, thick (72 u.c. ~ 27nm) CCMO undergo full strain 
relaxation through the introduction of dislocations, leading to the formation of pure T 
phase BFO. Therefore, here we demonstrate a route to continuously tune epitaxial strain 
by precisely controlling the thickness of the interface CCMO layer. This allows the first 
observation of continuous O-R-T phase transition in BFO on a single substrate.  
Conclusions. We have revealed the ability to achieve desired epitaxial strain in BFO 
beyond substrate limitations through strain relaxation of an interface CCMO layer, 
enabling the stability of metastable T phase BFO not only on moderate compressive 
14 
 
strain SrTiO3 and LSAT substrates, but also on large tensile strain NdScO3 substrate. 
Moreover, tailoring the gradual strain relaxation of CCMO, by the precise control of its 
thickness at nanoscale, leads to the creation of continuously tunable epitaxial strain that 
enables the first observation of continuous O-R-T phase transition and designing 
multiple morphotropic phase boundaries in BFO on a single, tensile strain NbScO3 
substrate. This work suggests a pathway to generate continuously tuning epitaxial 
strains in oxide heterostructures overcoming substrate limitations and opens up the 
possibility to manipulate related ferroelectric, ferromagnetic and superconductive 
properties.  
 
Methods 
Film Growth: A series of BFO and CCMO thin films, BFO/CCMO heterostructures 
were grown on single crystal (001) LAO, (001) LSAT, (001) STO and (110) NSO 
substrates by pulsed laser deposition (PLD), at 690 °C under an oxygen partial pressure 
of 100 mTorr and cooled in a 1 atm oxygen atmosphere.   
AFM and XRD Measurements: Morphology and piezoelectric properties were 
studied using an atomic force microscope (AFM)-based setup (Asylum Research, USA). 
Typical x-ray −2 scans and reciprocal space mapping (RSM) were performed using 
X-ray diffractometers (XRD, X'Pert Pro M, PANalytical Inc.). 
TEM Characterization: Focused ion beam lift-out techniques were performed using 
FEI Helios G4 UX to fabricate BFO/CCMO/STO cross-section membranes of around 
hundred-nanometer thickness for maintaining the same strain condition as in bulk 
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heterostructures. Then JEOL JEM ARM 200CF with the CEOS fifth-order corrector 
working at 200 kV was used to image the atomic configurations in these cross-section 
membranes. An annular detector was set up to collect high-angle scattered electrons 
when a sub-angstrom electron probe scans across the sample surface, forming high-
resolution “Z-contrast” images.  
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Supplementary Figure 1 | High quality CCMO thin films. AFM image of the 
morphology of 27 nm-thick CCMO thin film grown on STO (a) and NSO (b) substrates, 
showing high quality growth of CCMO with smooth surface (RSM ~ 0.2 nm).   
 
Supplementary Figure 2 | Thickness-dependent phase transition on LSAT 
substrate. AFM images of 7 nm (a), 25 nm (b) and 50 nm (c) thick BFO with 27 nm-
thick CCMO buffer layer on LSAT substrates, indicating high quality epitaxial growth 
of BFO films with atomically flat morphologies (RMS < 0.3 nm). Uniform contrast 
morphology (a) suggests the formation of pure T phase in 7 nm-thick BFO, whereas 
bright contrast matrix and dark contrast stripes in 25 nm-thick film (b) reveal the 
emergence of the R phase that coexists with the T phase due to relaxation of the epitaxial 
strain with increased thickness. Further strain relaxation in thicker film (50 nm) results 
in further increase of fraction of R phase (c).   
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Supplementary Figure 3 | Electrical control of reversible phase transition. AFM 
images of 50 nm-thick BFO with 27 nm-thick CCMO bottom electrode on NSO (a) and 
LAST (b) substrate demonstrate the reversible R-T phase transition under electric field. 
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Supplementary Figure 4 | Origin of imposing strain beyond substrate limitations 
on STO substrate. a RSM (002) reflections of 50 nm-thick BFO grown on STO with 
the insertion of CCMO demonstrate the epitaxial growth of BFO and CCMO 
multilayers and the formation of T and R mixed phase. b RSM (103) reflections reveal 
the full strain relaxation of CCMO layer, leading to generate the desired strain to induce 
T phase and obtain T and R mixed phase on STO. c, d Fine scans of RSM reflections 
exhibit three-fold splits along (103) and two-fold splits along (113), indicating the 
formation T-like (MC ) phase BFO.  
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Supplementary Figure 5 | Origin of imposing strain beyond substrate limitations 
on NSO substrate. a RSM (002) reflections of 50 nm-thick BFO grown on NSO with 
the insertion of CCMO demonstrate the epitaxial growth of BFO and CCMO 
multilayers and the formation of T and R mixed phase. b RSM (103) reflections reveal 
the full strain relaxation of CCMO layer, leading to generate the desired strain to induce 
T phase and obtain T and R mixed phase on NSO. c, d Fine scans of RSM reflections 
exhibit three-fold splits along (103) and two-fold splits along (113), indicating the 
formation T-like (MC ) phase BFO.  
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Supplementary Figure 6 | Origin of imposing strain beyond substrate limitations 
on LSAT substrate. a RSM (002) reflections of 50 nm-thick BFO grown on LSAT 
with the insertion of CCMO demonstrate the epitaxial growth of BFO and CCMO 
multilayers and the formation of T and R mixed phase. b RSM (103) reflections reveal 
the full strain relaxation of CCMO layer, resulting in the creation of a desired strain to 
induce T phase and obtain T and R mixed phase on LSAT.  
 
 
 
 
 
 
